Carbon nanotubes (CNTs), due to their special structure and unique properties, are still one of the most interesting materials for scientists. Recently, carbon nanotubes were proposed as a new type of carbon support for catalysts. Fe, Pt, Ni, Co, and other metals anchored to CNTs are used in various reactions. Due to the fact that production processes are usually unpredictable and the total amount of metal/metal oxide deposited on the CNTs may only be estimated, the methods for examining the chemical composition are necessary. In this study, fast and simple inductively coupled plasma atomic emission spectrometry (ICP-AES) with slurry nebulization was proposed for metal content determination in hybrid CeZrO 2 /CNT, Ni-CeZrO 2 /CNT, and Ni/CNT materials. Slurries were prepared by 30 min ultrasonication of appropriate amount of investigated material in 1% Triton X-100 solution. Optimal range of slurry concentration and optimal RF plasma power were established (40-400 mg L −1 , 1.2 kW, resp.). Obtained results proved that this method may be applied for determination of Ce, Zr, and Ni in hybrid CNT-based materials.
Introduction
Carbon nanotubes (CNTs), due to their particular structure and exceptional properties (optical, electrical, magnetic, and mechanical), are still one of the most interesting materials for scientists. They may find an application in power and material engineering, electronics, medicine, and biotechnology [1] [2] [3] [4] . Recently, carbon nanotubes were also proposed as a new type of catalyst support. Pt, Fe, Ni, Co, and other metals anchored to CNTs are used in various reactions (e.g., preferential oxidation of CO (PROX), water gas shift (WGS), hydrogenation of unsaturated hydrocarbons, dehydrogenation of alkanes, hydrogen and methanol oxidation, or steam reforming of hydrocarbons or alcohols [5] [6] [7] [8] ). To prepare carbon nanotubes supported catalysts, several methods, such as organometallic grafting, electron beam evaporation, deposition/precipitation, ion-exchange, and incipient wetness impregnation, were proposed [5] . Obtained hybrid materials are usually characterized using scanning and transmission electron microscopy (SEM, TEM), thermogravimetric analysis (TGA), elemental analysis (EA), Raman Spectroscopy (RS), and temperature-programmed methods. Unfortunately, most of these methods are applicable only for analysis of the dispersion of the metals on the CNT walls or semiquantitative analysis of metal concentration. They usually provide only information about the content of nonvolatile or noncombustible part of the sample. More detailed studies are possible if the ICP-AES or ICP-MS is used. However, in experiments described so far, the digestion of CNTs is required [9] . Due to the fact that digestion of CNT is extremely difficult, it constitutes the most problematic step in whole analysis.
In the present work we propose a fast and simple method of direct determination of metals contained in the CNTbased materials, based on ICP-AES analysis with slurry nebulization. This method has been previously successfully 2 Journal of Chemistry used for determination of iron in multiwall carbon nanotubes (MWCNTs) [10] . The main advantage of this method is simple sample preparation protocol which does not require laborious and time-consuming digestion of examined material. Moreover, this method is simple to implement and the modification of ICP-AES apparatus is not required.
Experimental
2.1. Apparatus. All measurements of metals concentration were accomplished using ICP-AES apparatus (Varian 710-ES spectrometer equipped with a V-groove nebulizer and a reduced-volume Sturman-Masters type spray chamber made of poly(tetrafluorethylene)-Varian). In Table 1 all operating parameters of analysis and all selected analytical lines are summarized. Characterization of examined materials was performed using SEM (scanning electron microscope-Phenom Pro Desktop SEM).
Materials and Reagents.
In this work, three types of hybrid CNT materials were used: CeZrO 2 /CNT, Ni/CNT, and Ni-CeZrO 2 /CNT. Prior to deposition of metal (Ni) or metal oxide (CeZrO 2 ), the multiwall CNTs (Aldrich) were functionalized in HNO 3 ; next, the method of hybrid material preparation was as follows.
The Ni/CNT catalyst was obtained via wet impregnation of CNTs with nickel nitrate. The CNTs with ethanol were placed in a three-necked flask connected with a reflux condenser and sonicated for 5 minutes in an ultrasound bath. Next, the Ni(NO 3 ) 2 water solution was instilled to the CNTs suspension. The synthesis was conducted under flowing Ar. After one hour, the NaOH solution was instilled to the CNTs suspension until its pH was 10. The solution was stirred using a magnetic stirrer. The mixture was then placed, heated to 70 ∘ C, and remained at this temperature for 4 hours. Afterwards, the solution was stirred overnight at room temperature. The resulting material was filtered and washed with deionized water until the filtrate was neutral. The product was dried overnight at 120 ∘ C and calcined for 2 hours at 700 ∘ C in flowing Ar. As-prepared material was reduced in H 2 /Ar at 700 ∘ C for 2 hours.
Synthesis of CeZrO 2 /CNT was as follows: functionalized CNTs and acetone were placed in a three-necked flask connected with a reflux condenser. The mixture was sonicated for 10 minutes. Water-acetone (1 : 1) solutions of Ce(NO 3 ) 3 ⋅6H 2 O and ZrO(NO 3 ) 2 ⋅xH 2 O were prepared and instilled to CNTs suspension in acetone. The suspension was placed in an ultrasonic bath for 35 minutes. Afterwards, the 1 M NaOH was instilled until the mixture pH was 10. The suspension was constantly stirred and placed in a water bath at 70 ∘ C for 4 hours. Next it was stirred overnight at room temperature. The synthesis was carried out under flowing Ar. The resulting hybrid material was filtered and washed with deionized water until the filtrate was neutral. In the final step the material was dried at 120 ∘ C overnight and calcined at 700 ∘ C for 2 hours under flowing Ar.
The Ni-CeZrO 2 /CNT hybrid material was obtained by impregnation of CNTs with corresponding nitrates.
Slurries were prepared using Triton X-100 (SigmaAldrich) as a dispersing agent according to the procedure described in literature [10, 11] . Nitric acid (65%, Suprapur, Merck) was used in leaching studies. In all experiments ultrapure water (Millipore Elix 10 System) was used.
Procedures

ICP-AES Sample Preparation.
Proper amounts of examined materials were accurately weighed and next ultrasonicated (ultrasonic bath Grant XUB 5, 32-38 kHz, 150 W, and 70 ∘ C) in the 1% Triton X-100 solution for 30 minutes. Ultrasonication in Triton X-100 solution purposed to ensure adequate dispersion and obtain homogeneous slurry.
Calibration. Calibration curves for ICP-AES analysis
were established with standard solution of Ce, Ni (Merck, 1 mg mL −1 in 2% HNO 3 ), and Zr (Merck, 10 mg mL −1 in 2% HNO 3 ) in 1% Triton X-100 or in nitric acid of proper concentration (leaching studies). Triton X-100 was used for standards preparation to ensure the same matrix effect as that may occur in the samples. Liquid standards could be used in slurry examination with assuming that at some condition the transportation of slurry is similar to the aqueous solution transportation. Standards for preliminary studies were prepared in the range of 0.1 to 70 mg L −1 for each metal.
Effect of Slurry Concentration on Determination of
Cerium, Zirconium, and Nickel. Based on previously described experiment the range of slurries concentration to be tested was established as 40 to 400 mg L −1 [10] . To investigate the effect of slurry concentration on Ce, Zr, and Ni determination, three parallel samples of various slurries concentration were prepared by dilution of the primary slurries. Concentration of the metals in these slurries was measured by ICP-AES under conditions presented in Table 1 . Obtained results were computed as the mean values from the calibration curves obtained for all applied analytical lines.
Effect of RF Plasma Power on Determination of Cerium,
Zirconium, and Nickel. Additionally, effect of the RF plasma power on Ce, Zr, and Ni determination was examined. For this purpose, the previously prepared standards and samples (100 mg L −1 slurries concentration) were analyzed using the 1.4 kW RF plasma power. All analytical parameters were the same as in Table 1 , except the Ar plasma flow rate and carrier flow rate, which were established as 16.5 and 1.7 L min −1 , respectively.
Leaching Studies.
As mentioned previously, the complete digestion of investigated material is very difficult or even impossible, so obtaining clear solution and the direct determination of metals in aqueous solution could not be conducted. Therefore, some leaching studies were provided to check the possibility of quantitative elution of metals from investigated catalysts. Metals were leached from the CNTs based materials using 5% and 67% nitric acid solutions. All samples before leaching studies were dispersed in the 1% Triton X-100 solution. Amount of metals in obtained leachates was measured by ICP-AES method using standards prepared with the appropriate matrix (HNO 3 solution).
Leaching studies were also utilized for evaluation of the method by calculating the mass balance of leaching experiment. Briefly, solid residues from filter were transferred quantitatively to the known volume of 1% Triton X-100 solution. Next, they were sonicated to ensure good dispersion and measured using ICP-AES instrument. After that sum of the nickel determined in the leachate and nickel determined in the postleaching CNT slurries was compared with the total nickel concentration, determined by ICP-AES with slurry sample introduction.
Determination of Metals and Metal Oxides in Exam-
ined Hybrid Materials. Concentration of Ce, Zr, and Ni in 100 mg L −1 slurries of examined Ni-CeZrO 2 /CNT, CeZrO 2 / CNT, and Ni/CNT hybrid materials was determined with ICP-AES method, with operating parameters given in Table 1 . Standards for calibration were prepared in the range of 1-40 mg L −1 for Ce, 1-20 mg L −1 for Zr, and 0.5-20 for Ni.
Results and Discussion
Materials Characterization.
In order to observe the micromorphology of studied materials SEM micrographs were taken ( Figure 1 ). To present the differences in morphology of modified CNTs (Figures 1(b) , 1(c), and 1(d)) the original, raw CNTs were also examined (Figure 1(a) ). Figure 1 (a) presents raw CNTs, which are definitely much organized than MWCNTs dispersed and embedded in metal/metal oxide bulk, visible in Figures 1(b), 1(c), and 1(d) . The chaotic arrangement of CNTs in these hybrid materials indicates good blending and the strong interfacial adhesion between the CNTs and inorganic additives. Additionally, the presence of metals and metal oxides in the studied materials was confirmed by the EDS analysis (Energy Dispersive X-ray Spectroscopy).
ICP-AES Sample
Preparation. According to previously described protocol [10] , the same dispersing agent, its concentration, and the conditions of ultrasonication were applied in this study. Effectiveness of homogenization method could be observed with the naked eye (Figures 2(a) and 2(b)). Obtaining a homogeneous black, well-dispersed slurry shows that homogenization method, utilized in these studies, was appropriate.
Effect of Slurry Concentration on Determination of Cerium, Zirconium, and Nickel.
Optimal investigated material slurry concentration range must be selected because it constitutes important step in the overall analysis. Transport efficiency, atomization, and excitation in plasma depend on the number of particles in suspension. Too low slurry concentration may cause that only a small part of the particles will be introduced into the field of plasma. Similar problem may occur when slurries of higher concentrations are used and when the transportation of analyzed material can be affected by too many single particles in suspension. In addition, higher slurry concentrations may induce severe clogging of the supply tubes as well as nebulizer, which results in frequent cleaning necessity. High amounts of organic mass may also extinguish the plasma resulting in worsening its stability [12] and lowering its temperature [13] . These plasma parameters affect atomization and excitation efficiency of analytes and thus the results of the analysis. Therefore, the use of both too high and too low slurries concentration may result in obtaining false metal concentration.
In our previous work, we have proved that reliable and reproducible results are obtained for slurry concentration of 40 to 500 mg L −1 [10] . Therefore, in these studies, effect of slurry concentration on Ce, Zr, and Ni determination was examined in the range of 40 to 400 mg L −1 (Table 2 ). Statistical analysis showed that in the examined range there were no statistically significant differences between the results obtained for various slurry concentrations (CochranCox test, 95% confidence level, 3 replicates). Therefore, for the further examination, all slurry concentrations from the investigated range may be applied.
Effect of the RF Plasma Power on Determination of
Cerium, Zirconium, and Nickel. Effect of the RF plasma power on Ce, Zr, and Ni determination was also studied. Due to the fact that our previous experiment showed that increasing of RF plasma power did not extend the working range of slurry concentration [10] , we decided to examine the effect of plasma power only for 100 mg L −1 slurries. Because the analytes used in this work are rather heavier ones, higher plasma temperature for standard measurements is recommended. Therefore 1.2 kW plasma power was selected as starting value to obtain the proper efficiency of Ce and Zr excitation. Next the effect of application of more powerful plasma (1.4 kW) was investigated (Table 3) .
Generally, there are no significant differences between determination results when the 1.2 kW and 1.4 kW plasma power are used. However, in the case of plasma of 1.4 kW, the precision of analysis, calculated as the confidence interval (95% confidence level, 3 replicates), is slightly lower. Moreover, 1.4 kW is the highest plasma power available for the spectrometer, while for routine work the lower RF plasma power is preferred. Therefore, in this study, 1.2 kW plasma power was chosen as an optimal value.
Leaching Studies.
As mentioned above (Section 2.3.5) complete digestion of studied materials was impossible; therefore leaching studies were performed applying 5% and 67% nitric acid solutions. In all the cases, partial digestion of studied materials was observed, but clear solutions, without any material particles, were not obtained. Thus, after filtration, concentration of metals in the leachate was measured by ICP-AES technique, using standards prepared with appropriate matrix (nitric acid). Results are presented in Table 4 . The highest leaching percentage (95%) was obtained for nickel, when diluted nitric acid was utilized. In concentrated acid, amount of Ni leached into solution was significantly lower (about 77%). This may be due to the fact that concentrated acid may cause partial passivation of the metal, thus affecting metal dissolution. In the case of Ce and Zr oxides poor leaching percentage (several%) was obtained, almost independently from nitric acid concentration. Solubility of mentioned oxides strongly depends on their history (e.g., temperature of their production or aging processes [14, 15] ), so it is difficult to predict leaching effectiveness of such oxides and propose a universal leaching procedure.
Due to the fact that validation of the method cannot be conducted using a certified reference material, leaching studies were utilized for this purpose. Similarly to our earlier experiment [10] the evaluation of the method was performed by calculating mass balance during the leaching studies. Sum of the nickel determined in the leachate and nickel determined in the postleaching CNT slurries was compared with the total nickel concentration determined by ICP-AES with slurry sample introduction ( Figure 3 ). This comparison showed that the calculated sum of nickel in leachate and postleaching CNTs was in good agreement with the total content of nickel determined by evaluated method. This proved the method to be applicable for hybrid CNT-based catalysts analysis.
Determination of Metals and Metal Oxides in CNTs Based
Materials by the Slurry Sampling ICP-AES Technique. Based on the experiment described above, the following parameters were used to determine the concentration of metals and metal oxides in prepared catalysts samples: 30 min ultrasonication in Triton X-100 solution, 100 mg L −1 slurry concentration, and 1.2 kW plasma power. The results of analysis are presented in Table 5 . In all cases precision of the method, evaluated as the confidence interval (95% confidence level, 12 replicates), was high and did not exceed 3.5% of the mean value. This proved that the precision of the proposed method in this study, ICP-AES slurry nebulization analysis, is high enough to be successfully applied for direct determination of metals included in hybrid CNT materials.
Conclusions
In our study, fast and simple ICP-AES slurry nebulization technique was proposed for direct determination of metals (cerium, zirconium, and nickel) in hybrid CNT-based materials (Ni-CeZrO 2 /CNT, CeZrO 2 /CNT, and Ni/CNT). Laborious and time-consuming sample preparation protocols have been replaced by fast and easy slurries preparation, thus shortening the analysis time. Leaching examination proved that the investigated materials are very difficult to digest/dissolve and the obtained leachate cannot be used to evaluate the metal content (only part of the metal is leached from the material). Optimal analysis parameters, such as slurry concentration and RF power, were established after examining their effect on the result. Generally, no significant effect of both RF power (1.2 and 1.4 kW) and slurry concentration in the range of 40-400 mg L −1 was observed. In all of the cases, the precision of the proposed method did 6 Journal of Chemistry not exceed 3.5% of the mean value. Evaluation of the method was conducted by summing the metal content determined in the leachate and the metal content determined in the slurries of postleaching material; the result was in good agreement with the metal concentration determined directly, by the slurry nebulization ICP-AES technique. Therefore, the proposed method is the most appropriate method for direct Ce, Zr, and Ni determination in investigated hybrid materials. Additionally, it can be suitable for determination of other metals in different CNT-based materials.
